Intravital two-photon microscopy is a powerful imaging tool for investigating various biological processes in live animals. This Chapter describes an overview of intravital imaging of the rodent kidney including animal surgery, characteristics of renal tubular autofluorescence, in vivo use of fluorescent probes and renal immune cell tracking.
Introduction
The kidney is a highly complex organ consisting of a large set of diverse cell types organized to form an intricate network of three-dimensional structures. Various microscopy-based imaging modalities have been the cornerstone of kidney research and helped unravel some of the complex spatiotemporal biological phenomena occurring in this organ. However, the recent advances in imaging techniques such as intravital two-photon microscopy, superresolution microscopy and tissue clearing methods, offer immense additional potential to move past the status quo [1, 2] . Intravital two-photon microscopy was first applied to the live kidney in 2002 and since then this technique has been widely adopted with successful attempt to investigate various biological questions [3] [4] [5] [6] [7] . While the imaging depth remains a challenge (~100 um from the surface), intravital two-photon microscopy enables the realtime visualization and quantification of objects and events at subcellular levels-a major strength that is not achievable by other tools. In this Chapter, we describe our two-photon microscopy protocols as applied to specific questions in kidney research. We first describe our approach to identify renal tubular subsegments based on their autofluorescence characteristics. We next show representative in vivo applications of fluorescent probes to evaluate biological properties of interest such as endotoxin uptake and its effect on oxidative stress and mitochondrial membrane potential. Finally we describe spatiotemporal renal immune cell imaging and its data processing.
Materials

Microscopy
Olympus FV1000-MPE confocal/multiphoton microscope equipped with a Spectra Physics MaiTai Deep See laser and external gallium arsenide 12-bit detectors. The system is mounted on an Olympus Ix81 inverted microscope stand with a Nikon 20x and 70x NA 1.2 water-immersion objective.
Animal surgery
Anesthetize with an isoflurane/O2 mixture (3% for induction and 1% or less for maintenance of anesthesia). An induction chamber is used for induction and an anesthesia circuit is used during surgery and imaging. The animal is placed on a thermostatically controlled warming pad. A rectal probe is used to monitor temperature. Expose the jugular vein and insert a PE50 catheter under a dissecting microscope ( Figure 1A ). Expose the kidney via a 1.5 cm flank incision and loosely suture the skin to stabilize the kidney exposure. Transport the animal to a microscopic stage and place the kidney in a coverslipbottomed cell culture dish filled with normal saline ( Figure 1B ).
Identification of kidney tubular subsegments based on autofluorescence signatures.
Images are acquired with an Olympus FV1000-MPE confocal/multiphoton microscope. The laser is tuned to 800-nm excitation. To obtain reproducible, quantitative images, careful attention must be paid to image acquisition parameters including laser power, photomultiplier tube (PMT) detector gain and the black level of the PMT amplifier (offset) [9] . Our typical setup is laser power 15%, green PMT voltage 750 with offset 45%, and red PMT 575 with offset 35%.
The dominant structures seen in the renal cortex are S1 and S2 proximal tubules as well as some distal segments like collecting ducts. S1 and S2 subsegments can be distinguished by their unique autofluorescence signatures (Note 1). S1 tubules have brown-colored punctate pigments beneath the brush border. In contrast, S2 tubules have green punctate pigments ( Figure 1C ). In addition, the S2 cytosolic green signal is slightly brighter than that of S1. The distal segments have minimal autofluorescence. Superficial glomeruli are rare [10] and they do not exhibit autofluorescence.
The S1, S2 autofluorescence signatures may appear different when the kidney is diseased or is imaged with bright fluorescent dyes. Different strains or species would also have a different autofluorescence pattern. To confirm the anatomical sequence of S1 (upstream) and S2 (downstream), one can inject fluorescently-tagged inulin intravenously (25 ng/Kg) and obtain a time-series ( Figure 1D -F). The urine flow is sufficiently slow to distinguish S1, S2 and distal segments.
Application of fluorescent probes in live animals.
3.3.1. Fluorescently-labeled LPS-To study the uptake of LPS by proximal tubules [11] , resuspend Alexa-568 LPS in normal saline and inject intraperitoneally (100 ug in 100 ul normal saline for a 20 gram mouse; 5 mg/kg) and obtain images 4 hours later (Figure 2A ). 
TMRM-Prepare
Imaging renal immune cells.
Intravital 2-photon microscopy has an enormous advantage for studying immune-cell trafficking with great temporal and spatial resolution [12] . The key to success is to stabilize the animal and kidney on the microscope stage for long time. Careful consideration should be given to upright versus inverted microscopy. An additional supporting device such as a kidney cup may be required [13] . Renal immune cells exhibit very weak autofluorescence compared to the renal tubules. Therefore fluorescent labeling is necessary for imaging. . This time interval is long enough to monitor the animal's condition between imaging yet short enough to capture the behavior of immune cells with sufficient detail. To minimize motion artifact, anesthesia dose is kept low (<1% isoflurane) and the kidney is placed in an imaging dish with a ring-shaped rubber pad.
Data processing-Existing
cell-tracking software/programs were unable to recognize poly (I:C) positive cells properly. This is because these cells are comprised of multiple punctate structures (red) with poor cell body delineation ( Figure 3A) . We therefore developed a Custom Plugin 'Trk_PP' for preprocessing of data sets. This plugin generates a center-of-mass image for cells with poor cell body delineation or punctate signatures [14] . The center-of-mass image is then used in the 'TrackMate' plugin to generate tracks of cell movement in ImageJ. The source code is available as a Maven project at https://github.com/ icbm-iupui/track-processing. This plugin can be useful for cell tracking analysis when the cells have various compartmentalized fluorescent signals.
'Trk_PP' installs in Fiji and ImageJ under the 'Plugins' directory and 'Tracking' subdirectory under 'PreProcessing'. 'Trk_PP' generates three outputs: 1, the processed form of the original data 'Processed', 2, the mask image of the regions used to defines the centerof-mass points 'Mask of regions', and 3, an image containing the center-of-mass as a dot with a user selected diameter, 'Center-of-mass'.
Notes
1.
A number of endogenous metabolites possess fluorophore properties, known as autofluorescence [15] . While this intrinsic fluorescence property has been exploited to measure certain metabolites such as reduced forms of nicotinamide adenine dinucleotide, a comprehensive catalog of metabolites that contribute to autofluorescence in the kidney is not available.
2.
TMRM is a cationic fluorescent dye that is sequestered by live mitochondria in proportion to their membrane potential. The heterogeneous distribution of TMRM may reflect "microcirculation failure" [5] .
The proper dose of fluorescent dye for intravital imaging is often unknown. We typically refer to in vitro data using an estimated blood volume of the animal as a starting point then titrate the dose as needed. Similarly, the way in which a fluorescent probe is taken up by live kidney is often unknown (i.e., basolateral versus filtered and taken up from the tubular lumen). A time-series imaging may be useful to determine the behavior of a dye of interest [16] .
3.
H 2 DCFDA is sensitive to arc lamp light. Artifactual photooxidation of the dye occurs especially in the presence of LPS [14] . We do not recommend examining the tissue through the eyepiece once the dye is injected in order to minimize artificial excitement of the dye.
In our model of LPS-induced kidney injury, oxidative stress is most notable in the S2 brush border. The concentrated dye in the collecting duct emits bright green fluorescence regardless of oxidation (Fig 2C) . We also note that carboxy-H 2 DCFDA leaks out of the cell 30-60 minutes after injection even though it is engineered to delay the leak via cleavage of acetate and ester groups.
4.
Dihydroethidium is a cell permeant fluorescent dye that detects cytosolic superoxide. Once the dye is oxidized, it intercalates with the cell's DNA and emits bright orange fluorescence from the nucleus.
5.
Poly (I:C) uptake by myeloid cells is significantly increased with LPS preconditioning [14] . Wild-type non-preconditioned C57/BL6 mice have minimal poly (I:C) uptake. [14] .
